INTRODUCTION
============

Nonalcoholic fatty liver disease (NAFLD) is a spectrum of related disorders characterized by hepatic steatosis with progression to nonalcoholic steatohepatitis (NASH), fibrosis and eventually cirrhosis. It is now understood that NAFLD is effectively the hepatic manifestation of the metabolic syndrome and both insulin resistance and obesity are closely associated with NAFLD \[[@B1][@B2]\]. Indeed, the incidence of NAFLD in the pediatric population has paralleled the rise of the obesity epidemic and is now the most common cause of liver disease in children and adults in the developed world \[[@B3][@B4]\]. The progression of simple steatosis to NASH requires several factors acting together in parallel, as proposed in the \"multiple hit\" hypothesis \[[@B5]\]. Insulin resistance plays a central role in the development & progression of NAFLD \[[@B6]\]. Multiple studies have suggested a link between serum potassium and insulin resistance \[[@B7][@B8][@B9]\]. More recently, data from an adult population suggested a link between serum potassium levels and NAFLD \[[@B10]\]. Lipid peroxidation and oxidative stress are known mechanisms that contribute to disease progression to NASH and liver fibrosis \[[@B11]\]. Recent evidence suggests that potassium-rich diets can lower lipid-induced oxidative stress in obese individuals \[[@B12]\]. We aimed to study the correlation between serum potassium levels and the histologic severity of NAFLD in children.

MATERIALS AND METHODS
=====================

Patients
--------

Consecutive pediatric patients with biopsy-proven NAFLD from Bambino Gesu Children\'s Hospital, Rome, Italy, were enrolled into a prospectively maintained database and included in this study. Inclusion criteria were a biopsy consistent with the diagnosis of NAFLD, persistently increased aminotransferase levels, and diffusely echogenic liver on imaging studies suggestive of fatty liver \[[@B13][@B14]\]. Exclusion criteria were hepatic virus infections (hepatitis A, B, C, D, and E); cytomegalovirus; and Epstein-Barr virus), alcohol consumption, history of parenteral nutrition, and use of known steatosis-inducing drugs (such as valproate, amiodarone, or prednisone) or drugs known to affect body weight, carbohydrate metabolism, and potassium levels (such as insulin and hydrochlorothiazide). Autoimmune liver disease, metabolic liver disease, Wilson disease and alpha1-antitrypsin-associated liver disease were ruled out using standard clinical, laboratory, and histological criteria. The ethics committee of the Bambino Gesu Children\'s Hospital and Research Institute approved the study.

Demographic and clinical data
-----------------------------

We obtained demographic data (including age at first visit and sex) and recorded the clinical variables, including waist circumference (WC), height, and weight. We calculated the body mass index (BMI) and its standard deviation score (z score) \[[@B15]\]. We defined obesity by a BMI ≥95th percentile adjusted for age and sex. Metabolic syndrome (Mets) was defined as the presence of ≥3 of the following 5 criteria \[[@B16]\]: abdominal obesity (defined by WC ≥90th percentile for age) \[[@B17]\]; hypertriglyceridemia as triglyceride (TG) \>95th percentile for age, sex, and race; low high-density lipoprotein cholesterol as concentrations \<5th percentile for age and sex; hypertension as systolic or diastolic blood pressure \>95th percentile for age and sex \[[@B18]\]; and impaired fasting glucose or known type 2 diabetes mellitus \[[@B19]\]. Laboratory tests, including potassium, sodium, creatinine, bilirubin and albumin, platelet count, metabolic syndrome, alanine aminotransferase, aspartate aminotransferase (AST), gamma-glutamyltranspeptidase, alkaline-phosphate, fasting glucose and insulin, ferritin, cholesterol and TGs, were performed in all subjects within 1 week before liver biopsy. The homeostasis model assessment index of insulin resistance (HOMA-IR) \[[@B20]\], insulin sensitivity index \[[@B21]\], and the quantitative insulin sensitivity check index (QUICKI) \[[@B22]\] were calculated as surrogate markers of insulin sensitivity. All the data were uniformly collected at the time of patient evaluation to avoid recall bias.

Liver histology
---------------

The clinical indications for liver biopsy included the need to assess the presence of NASH and degree of fibrosis or to identify other likely independent or competing liver diseases. Liver biopsy was performed in all children, after an overnight fast, using an automatic core biopsy 18-gauge needle (Biopince, Amedic, Sweden) under general anesthesia and ultrasound guidance. A Sonoline Omnia ultrasound machine (Siemens, Munich, Germany) equipped with a 5-MHz probe (5.0 C 50; Siemens) and a biopsy adaptor was used. We performed 2 biopsy passes within different liver segments for each subject and recorded the length of the liver specimen (in millimeters). Only samples with a length ≥15 mm and including at least 5 to 6 complete portal tracts \[[@B23]\] were considered adequate for the purpose of the study. Biopsies were evaluated by a single hepatopathologist who was blinded to clinical and laboratory data. Biopsies were routinely processed (i.e., formalin-fixed and paraffin-embedded) and sections of liver tissue, 5-mm thick, were stained with hematoxylin-eosin, Van Gieson, periodic acid-Schiff diastase, and Prussian blue stain.

Patients were divided into 2 groups according to the pathologic diagnosis: NASH and non-NASH (simple steatosis). Liver biopsy features were graded according to the NAFLD activity scoring (NAS) system proposed by Kleiner et al. \[[@B24]\]. Briefly, grade of steatosis was scored as 0, ≤5%; 1, 5% to 33%; 2, ≥33% to 66%; and 3, ≥66%; grade of lobular inflammation was scored as 0, no foci; 1, \<2 foci/200× field; 2, 2 to 4 foci/200× field; and 3, \>4 foci/200× field; and grade of ballooning was scored as 0, none; 1, few ballooning cells; and 2, many cells/prominent ballooning. The grades of steatosis (0-3), lobular inflammation (0-3), and ballooning (0-2) were then combined to determine the NAS (0-8). Fibrosis was scored as 0, none; 1, periportal or perisinusoidal fibrosis; 2, perisinusoidal and portal/periportal fibrosis; 3, bridging fibrosis; and 4, cirrhosis.

Statistical analysis
--------------------

Descriptive statistics were computed for all factors. Data are presented as mean±standard deviation, median (25th, 75th percentiles) or n (%). A univariable analysis was performed to compare subjects with NAS ≥4 to those with NAS 1-3; ANOVA was used to compare potassium levels and Kruskal-Wallis test was used to compare potassium tertiles (3.6-4.4, 4.5-4.8 and 4.9-5.2). The same was done for any fibrosis (fibrosis stage 1-3) and moderate fibrosis (fibrosis stage 2-3). Spearman\'s correlations coefficients were used to assess correlations between bilirubin levels and histologic features. In addition, multivariable logistic regression analysis was used to further assess whether potassium levels are associated with NAS ≥4 or fibrosis after adjusting for possible cofounders. Potassium level, HOMA and MS were forced into the models and an automated stepwise variable selection method performed on 1,000 bootstrap samples was used to choose the final models. A *p*\<0.05 was considered statistically significant. All analyses were performed using SAS software (version 9.2; SAS Institute, Cary, NC, USA) and R (version 2.15.2; The R Foundation for Statistical Computing, Vienna, Austria).

RESULTS
=======

Patient characteristics
-----------------------

A total of 125 children (36.0% boys) with biopsy-proven NAFLD were included. The baseline anthropometric, clinical and laboratory data are summarized in [Table 1](#T1){ref-type="table"}. The mean age at the initial visit was 10.0±2.2 years. More than half of the patients had MetS, and 113 patients (90.4%) were obese. Patients with NASH had significantly higher BMI percentile, WC percentile, TG level, AST level, prevalence of MetS, and lower high-density lipoprotein level than patients in the non-NASH group; *p*-value \<0.05 for all ([Table 1](#T1){ref-type="table"}). The main hist ological features are included in [Table 2](#T2){ref-type="table"}. A total of 49.6% of the cases (62 patients) was classified as NASH according to pathologist diagnosis. Two-thirds of the patients had mild severity of lobular inflammation, while 61.6% revealed at least mild portal inflammation. Ballooning was present in only 42.4% of patients. Some degree of fibrosis was seen in the majority of patients (66.4%): mild fibrosis (stage 1) in 70 patients (56.0%), moderate fibrosis (stage 2) in 5 patients (4.0%), and advanced fibrosis (stage 3) in 8 patients (6.4%). None of the patients included in the study had liver cirrhosis. The mean NAS was 3.7±1.6.

Serum potassium levels in relation to histopathological features
----------------------------------------------------------------

Mean serum potassium was significantly lower in NASH group as compared to non-NASH group (4.4±0.42 mmoL/L vs. 4.8±0.21, *p*\<0.001; [Fig. 1](#F1){ref-type="fig"}). Higher potassium level had negative correlation with presence of steatosis, ballooning, lobular inflammation, fibrosis and NAFLD activity score (*p*\<0.05; [Table 3](#T3){ref-type="table"}). On multivariable analysis and after adjusting for the metabolic syndrome and insulin resistance, higher potassium level was significantly associated with lower likelihood of having a histological diagnosis of NASH on biopsy (odds ratio \[OR\], 0.12; 95% confidence interval \[95% CI\], 0.05-0.28); *p*\<0.001\]. Similarly, the likelihood of having fibrosis decreases by 76% for every 0.5 mmoL/L increase in potassium (OR, 0.24; 95% CI, 0.11-0.54; *p*\<0.001).

DISCUSSION
==========

The main finding of this study is the negative association between serum potassium levels and histological severity of NAFLD in pediatric patients. Serum potassium levels negatively correlate with the presence of both fibrosis and NASH on liver biopsy. After adjusting for HOMA, MetS, TGs, bilirubin and gender, for every 0.5 mmoL/L increase in potassium, the likelihood of having NASH decreases by 88% (OR, 0.12; 95% CI, 0.05-0.28; *p*\<0.001). While this is the first study that demonstrates a correlation between potassium and histological severity of NAFLD, the literature reveals an association between potassium levels, insulin resistance and the metabolic syndrome. A large population-based study showed an inverse relationship between serum potassium level and prevalence of metabolic syndrome among a group of 10,341 Chinese adults \[[@B25]\]. Interestingly, that study also found that the prevalence rate of insulin resistance decreases with increased serum potassium quartiles (*p*\<0.0001). Insulin resistance is closely associated with development and progression of NAFLD. Schwimmer et al. \[[@B2]\] demonstrated that severity of steatosis was predicted by the combination of age, ethnicity, and insulin sensitivity (QUICKI) in a group of 43 children with biopsy-proven NAFLD. Indeed, HOMA-IR and QUICKI were used in the predictive models of that study and proved to be important correlates of liver histopathology. The dramatic increase in pediatric NAFLD is directly related to consumption of high fat and Western diets that are rich in oils, sugar, and sweeteners and contain negligible amounts of macrominerals such as potassium. In a recent study, hydrochlorothiazide and high fat diet intake caused a significant reduction in magnesium and potassium levels leading to an increase in hepatic oxidative stress and lipid peroxidation in rats \[[@B26]\]. These findings may provide a mechanistic link for the association between low potassium levels and the development of advanced NAFLD that we found in our study.

The association between low serum potassium levels and NAFLD has been described in a cross-sectional study involving 8,592 Chinese adult patients, 30.3% of whom had NAFLD diagnosed on liver ultrasound \[[@B10]\]. In that study, patients with NAFLD had lower serum potassium levels than patients without NAFLD. Histopathological data were not obtained in that study, so that benign hepatic steatosis could not be differentiated from severe disease activity such as fibrosis or NASH.

The strengths of this study are the inclusion of a large group of children with biopsy-proven NAFLD with the full spectrum of disease along with an extensive characterization of their clinical, metabolic, and histological profile. This gives us the opportunity to identify a subgroup of patients who may be at a higher risk for developing NASH, and may require even closer follow-up.

Our study has some limitations including the fact that patients were seen at a large referral tertiary care medical center as evidenced by the fact that two-thirds of our patients with NAFLD had NASH on biopsy. The results may not be generalized to different populations and settings. Second, most of the patients were Caucasian, making it difficult to determine whether the association between potassium levels and histological severity of NAFLD is different among other ethnic groups. This study does not attempt to propose any mechanistic links between serum potassium levels and severity of histological features, but that was not the purpose of this study. As this was a cross-sectional study, there was no follow-up information available on serum potassium levels in our patients. Lastly, we do not have information on patient dietary and potassium intake.

In conclusion, our study shows an inverse relationship between serum potassium levels and the presence of aggressive disease (NASH and fibrosis) in children with NAFLD. Future studies are needed to investigate the mechanism of this association and determine if increasing potassium level through medications or dietary intake could be effective to ameliorate the severity of NAFLD.
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###### Demographic and Clinical Characteristics
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Values presented as number (%), mean±standard deviation, or median (25th, 75th percentiles).

NASH: nonalcoholic steatohepatitis, BMI: body mass index, HOMA-IR: homeostasis model assessment index of insulin resistance.

^\*^ANOVA, ^†^Pearson\'s chi-square test, ^‡^*p*-values are statistically significant.

###### Histological Features
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Values are presented as number (%) or mean±standard deviation.

###### Correlations between Potassium and Histological Features
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NAS: nonalcoholic fatty liver disease activity score, rho: Spearman correlation coefficient.
